Phase II metabolism by UDP-glucuronosyltransferases (UGTs) and sulfotransferases (SULTs) is the predominant metabolic pathway during the first-pass metabolism of hesperetin (4-methoxy-3,5,7-trihydroxyflavanone). In the present study, we have determined the kinetics for glucuronidation and sulfonation of hesperetin by 12 individual UGT and 12 individual SULT enzymes as well as by human or rat small intestinal, colonic, and hepatic microsomal and cytosolic fractions. Results demonstrate that hesperetin is conjugated at positions 7 and 3 and that major enzyme-specific differences in kinetics and regioselectivity for the UGT and SULT catalyzed conjugations exist. UGT1A9, UGT1A1, UGT1A7, UGT1A8, and UGT1A3 are the major enzymes catalyzing hesperetin glucuronidation, the latter only producing 7-O-glucuronide, whereas UGT1A7 produced mainly 3-O-glucuronide. Furthermore, UGT1A6 and UGT2B4 only produce hesperetin 7-O-glucuronide, whereas UGT1A1, UGT1A8, UGT1A9, UGT1A10, UGT2B7, and UGT2B15 conjugate both positions. SULT1A2 and SULT1A1 catalyze preferably and most efficiently the formation of hesperetin 3-O-sulfate, and SULT1C4 catalyzes preferably and most efficiently the formation of hesperetin 7-O-sulfate. Based on expression levels SULT1A3 and SULT1B1 also will probably play a role in the sulfo-conjugation of hesperetin in vivo. The results help to explain discrepancies in metabolite patterns determined in tissues or systems with different expression of UGTs and SULTs, e.g., hepatic and intestinal fractions or Caco-2 cells. The incubations with rat and human tissue samples support an important role for intestinal cells during firstpass metabolism in the formation of hesperetin 3-O-glucuronide and 7-O-glucuronide, which appear to be the major hesperetin metabolites found in vivo.
UGT1A1, UGT1A8, UGT1A9, UGT1A10, UGT2B7, and UGT2B15 conjugate both positions. SULT1A2 and SULT1A1 catalyze preferably and most efficiently the formation of hesperetin 3-O-sulfate, and SULT1C4 catalyzes preferably and most efficiently the formation of hesperetin 7-O-sulfate. Based on expression levels SULT1A3 and SULT1B1 also will probably play a role in the sulfo-conjugation of hesperetin in vivo. The results help to explain discrepancies in metabolite patterns determined in tissues or systems with different expression of UGTs and SULTs, e.g., hepatic and intestinal fractions or Caco-2 cells. The incubations with rat and human tissue samples support an important role for intestinal cells during firstpass metabolism in the formation of hesperetin 3-O-glucuronide and 7-O-glucuronide, which appear to be the major hesperetin metabolites found in vivo.
The flavanone hesperetin (4Ј-methoxy-3Ј,5,7-trihydroxyflavanone) ( Fig. 1) is the aglycone of hesperidin (hesperetin 7-O-rutinoside), which is the major flavonoid present in sweet oranges (Citrus sinensis) and orange juice and also occurs in other citrus fruits and some herbs (Tomás-Barberán and Clifford, 2000) . Hesperidin and hesperetin have been reported to provide beneficial effects on health, including reduced risk of osteoporosis (Horcajada et al., 2008) .
Upon ingestion, hesperidin has to be hydrolyzed into hesperetin aglycone by colonic microbiota before its absorption (Németh et al., 2003) . Enzymatic conversion of hesperidin before consumption to the monosaccharide hesperetin-7-O-glucoside has been demonstrated to result in absorption in the small intestine after deglucosylation by phloridzin hydrolase and/or facilitated transport into the intestinal cells by a sugar transporter such as sodium-glucose cotransporter 1 followed by intracellular deglucosylation (Nielsen et al., 2006) . In the intestinal cells or during further first-pass metabolism, hesperetin aglycone is metabolized by UDP-glucuronosyltransferases (UGTs) and sulfotransferases (SULTs) into, respectively, glucuronidated and sulfonated metabolites, which have been detected in human and rat plasma (Manach et al., 2003; Matsumoto et al., 2004; Mullen et al., 2008; Brett et al., 2009) . The intestinal barrier is believed to play a dominant role in phase II conjugation during the first-pass metabolism of hesperetin (Silberberg et al., 2006) and in its limited bioavailability because of efflux of the metabolites back to the intestinal lumen by ABC transport proteins Brand et al., 2008) .
UGTs form a gene superfamily and currently a total of 22 different UGT proteins have been detected in human tissues, belonging to either the UGT1A (UGT1A1, UGT1A3, UGT1A4, UGT1A5, UGT1A6, UGT1A7, UGT1A8, UGT1A9, and UGT1A10), the UGT2A (UGT2A1, UGT2A2, and UGT2A3), the UGT2B (UGT2B4, UGT2B7, UGT2B10, UGT2B11, UGT2B15, UGT2B17, and UGT2B28), the UGT3 (UGT3A1 and UGT3A2), or the UGT8 (UGT8A1) family (Mackenzie et al., 2005) . SULTs form a gene superfamily and a total of 10 different SULT proteins have been detected in human tissues including SULT1A1, SULT1A2, SULT1A3 (encoded by SULT1A3 and SULT1A4 and therefore also called SULT1A3/4), SULT1B1, SULT1C2, SULT1C4, SULT1E1, SULT2A1, SULT2B1_v2, and SULT4A1_v2 (Teubner et al., 2007; Riches et al., 2009 ). In addition, there are some SULTs that have only been detected at the mRNA level: SULT2B1_v1, SULT1C3, and SULT6B1 (Meinl et al., 2008a) , the latter solely in testis . SULT1C2, SULT1C4, SULT2B1_v1, SULT2B1_v2, and SULT4A1_v2 are also referred to as SULT1C1, SULT1C2, SULT2B1a, SULT2B1b, and SULT4A1, respectively, in the literature, not following the nomenclature proposed by Blanchard et al. (2004) .
We previously characterized the metabolism of hesperetin in vitro using Caco-2 cell monolayers as a model for the small intestinal barrier and reported that hesperetin is metabolized into 7-O-glucuronide and 7-O-sulfate metabolites (Brand et al., 2008) . However, analysis of metabolites in plasma demonstrated the existence of other glucuronide and sulfo-conjugates as well (Matsumoto et al., 2004; Mullen et al., 2008; Brett et al., 2009) . Different individual UGTs and SULTs probably possess different kinetics and regioselectivity for the conjugation of hesperetin, as has been reported for the glucuronidation and sulfonation of other flavonoids (Boersma et al., 2002; Otake et al., 2002; Zhang et al., 2007a; Tang et al., 2009) , and, therefore, different levels of expression of UGTs and SULTs might lead to different metabolite patterns.
In the present article, we determined the kinetics for the conversion of hesperetin into glucuronidated and sulfonated metabolites by individual UGT and SULT enzymes, respectively. The metabolites formed were identified by HPLC-DAD in combination with authentic standards or 1 H NMR. The UGT isoforms tested include 12 individual UGTs reported to be expressed, at least at the mRNA level, in human intestinal and hepatic cells: UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B4, UGT2B7, UGT2B15, and UGT2B17 (Gregory et al., 2004; Nakamura et al., 2008; Izukawa et al., 2009; Ohno and Nakajin, 2009 ). The SULT isoforms tested include 12 individual SULTs, which have been detected in human intestinal and hepatic tissues: SULT1A1, SULT1A2, SULT1A3, SULT1B1, SULT1C2, SULT1E1, SULT1C4, and SULT2A1 (Teubner et al., 2007; Meinl et al., 2009; Riches et al., 2009 ) and in addition SULT1C3, SULT2B1_v1, SULT2B1_v2, and SULT4A1_v2, which have not been detected on the protein level in these tissues (Meinl et al., 2008a,b) .
Furthermore, we studied the apparent kinetics of glucuronidation and sulfonation using, respectively, microsomes and cytosol derived from tissues from human and rat playing a role during the first-pass metabolism of hesperetin after ingestion of hesperidin or hesperetin 7-O-glucoside: the small intestine, the colon, and the liver.
Materials and Methods
Materials. Alamethicin (from Trichoderma viride), hesperetin (purity Ն95%), L-ascorbic acid, and UDP-glucuronic acid (UDPGA) were obtained from Sigma-Adlrich (St. Louis, MO), 3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS) was from Fluka (Buchs, Switzerland), deuterated acetic acid, dimethyl sulfoxide (DMSO), dipotassium hydrogen phosphate trihydrate, hydrochloric acid, and potassium dihydrogen phosphate were from Merck (Darmstadt, Germany), acetonitrile and methanol were from Sigma-Aldrich (Steinheim, Germany), Tris was from Invitrogen (Carlsbad, CA), and trifluoroacetic acid was from Mallinckrodt Baker (Phillipsburg, NJ). Deuterated methanol-d4 (99.96% d) was obtained from Euriso-Top (Gif-surYvette, France). Authentic standards of hesperetin 7-O-glucuronide (purity Ͼ90%), hesperetin 3Ј-O-glucuronide (purity Ͼ90%), and hesperetin 7-O-sulfate (purity Ͻ50%) were provided by the Nestlé Research Center (Lausanne, Switzerland).
UGT Supersomes from cDNA-transfected insect cells expressing individual human UGTs were obtained from BD Gentest (Woburn, MA), and their glucuronidation activities toward standard substrates as described by the supplier were as follows: UGT1A1 (lot 95244) and UGT1A3 (lot 70200), 817 and 190 pmol min Ϫ1 mg of protein
Ϫ1
estradiol 3-glucuronidation activity, respectively; UGT1A4 (lot 95375), 1100 pmol min Ϫ1 mg of protein Ϫ1 trifluoperazine glucuronidation activity; UGT1A6 (lot 70201), UGT1A7 (lot 68106), UGT1A8 (lot 95862), UGT1A9 (lot 81291), UGT1A10 (lot 96097), UGT2B4 (lot 93808), UGT2B7 (lot 83494), and UGT2B15 (lot 70203), 5200, 12,000, 630, 7200, 86, 180, 1200, and 3000 pmol min Ϫ1 mg of protein Ϫ1 7-hydroxy 4-trifluoromethylcoumarin glucuronidation activity, respectively; and UGT2B17 (lot 09302), 1100 pmol min Ϫ1 mg of protein Ϫ1 eugenol glucuronidation activity. SULTs from cDNA-transfected bacteria expressing quantified concentrations of individual human SULT enzymes were prepared as described elsewhere in detail (Meinl et al., 2006) .
Pooled human small intestinal microsomes (batch MIC318012), pooled rat (male Sprague-Dawley) small intestinal microsomes (batch MIC323019), pooled human small intestinal cytosol (batch CYT318004), and pooled rat (male Sprague-Dawley) small intestinal cytosol (batch CYT323008) were obtained from Biopredic (Rennes, France), without quantified glucuronidation or sulfonation activities. Human single-donor colon microsomes from a 64-year-old male (batch MIC317008), pooled colon microsomes from rat (male Sprague-Dawley) (batch MIC322003), human single-donor colon cytosol from a 64-year-old male (batch CYT317005), and pooled colon cytosol from rat (male SpragueDawley) (batch CYT322003) were provided by Biopredic, without quantified glucuronidation or sulfonation activities. Ethical permission for the use of the human tissue extract was obtained by Biopredic. Pooled human liver microsomes (lot 28831) with 920 pmol min Ϫ1 mg of protein Ϫ1 estradiol 3-glucuronidation activity, 890 pmol min Ϫ1 mg of protein Ϫ1 trifluoperazine glucuronidation activity, and 2400 pmol min Ϫ1 mg of protein Ϫ1 propofol glucuronidation activity, pooled rat (male Sprague-Dawley) liver microsomes (lot 83481) without quantified glucuronidation activity, and pooled human liver cytosol (lot 99925) and pooled rat (male Sprague-Dawley) liver cytosol (lot 08003) with 320 and 1900 pmol min Ϫ1 mg of protein Ϫ1 7-hydroxycoumarin sulfotransferase activity, respectively, as described by the supplier, were provided by BD Gentest.
Incubations with UGTs or Rat or Human Microsomes. To study glucuronidation of hesperetin by individual UGTs or microsomal preparations, incubation mixtures (total volume 200 l) were 
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at ASPET Journals on January 20, 2018 dmd.aspetjournals.org prepared containing 10 mM MgCl 2 , 25 g/ml alamethicin added from a 200ϫ concentrated stock solution in methanol (final concentration 0.5% methanol), 0.1, 0.2, or 0.5 mg/ml protein, and 1 mM UDPGA in 50 mM Tris-HCl (pH 7.5) (Boersma et al., 2002) . The reaction was started by addition of hesperetin from a 200ϫ concentrated stock solution in DMSO (final concentration 0.5% DMSO) and incubated for 5 min (UGT1A10, UGT2B7, and human and rat liver microsomes), 10 min (UGT1A1, UGT1A3, UGT1A7, UGT1A8, UGT1A9, UGT2B15, and human and rat small intestinal microsomes), 15 min (human and rat colon microsomes), or 30 min (UGT1A4, UGT1A6, UGT2B4, and UGT2B17) at 37°C. The final concentration series was 1, 2.5, 5, 10, 15, 25, 35, and 50 M (n ϭ 1-2) or 2.5, 5, 10, 15, 25, and 50 M (n ϭ 1-3) hesperetin for all UGTs tested. The reaction was terminated by addition of 50 l of acetonitrile. Under these conditions metabolite formation was linear in time and with the amount of protein added (data not shown). Activity is expressed in nanomoles per minute per milligram of protein.
Incubations with SULTs or Rat or Human Cytosol. To study sulfonation of hesperetin, incubation mixtures (total volume 100 l) were prepared containing 5 mM MgCl 2 , 100 M PAPS, and 0.04 to 0.23 mg/ml protein (cytosol), or 0.03 to 0.1 mg/ml protein (individual SULTs) in 50 mM potassium phosphate (pH 7.4). The reaction was started by addition of hesperetin (final concentration series was 1, 2.5, 5, 10, 15, 25, 35, and 50 M hesperetin) from a 100-fold concentrated stock solution in DMSO (final concentration 1% DMSO) and incubated for 3 min (SULT1A1, SULT1A2, SULT1C4, and human and rat liver cytosol), 5 min (SULT1E1 and human small intestinal cytosol), 9 min (SULT1A3), 10 min (SULT1B1), 90 min (human colon cytosol), 120 min (SULT1C2 and SULT2A1), 150 min (rat small intestinal and colon cytosol), or 180 min (SULT1C3, SULT2B1_v1, SULT2B1_v2, and SULT4A1_v2) at 37°C. Because SULT1A1, SULT1A2, SULT1C4, SULT1E1, and some cytosolic fractions showed substrate inhibition at concentrations Ͼ1, Ͼ1, and Ͼ3 M, respectively, additional series of 0.1, 0.15, 0.25, 0.35, 0.5, 0.75, 1, and 1.5 M hesperetin (SULT1A1, SULT1A2, and SULT1C4), or a series of 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2.5, and 3.5 M hesperetin (SULT1E1 and cytosolic fractions) were used. The reaction was terminated by addition of 25 l of acetonitrile. Under these conditions metabolite formation was linear with time and the amount of protein added (data not shown). Activity is expressed in nanomoles per minute per milligram of protein for the cytosolic fractions and in nanomoles per minute per milligram of SULT protein for the individual SULTs (Meinl et al., 2006) . Enzyme Kinetics. To determine the kinetics for glucuronidation and sulfonation, incubations were performed as described above. The maximum velocity (V max ) and Michaelis-Menten constant (K m ) for the formation of the different phase II metabolites of hesperetin were determined by fitting the data to the Michaelis-Menten steady-state
being the hesperetin concentration, using the LSW data analysis toolbox (version 1.1.1; MDL Information Systems, San Ramon, CA). For reactions demonstrating substrate inhibition, the V max , K m , and inhibition constant (K i ) were determined by fitting the data to the substrate inhibition equation
HPLC Analysis. To analyze the formation of hesperetin metabolites in the enzymatic incubations, reaction mixtures were centrifuged for 4 min at 16,000g and samples of 50 l of the supernatant were injected onto a Alliance 2695 separation module (Waters, Milford, MA) connected to a 2996 DAD (Waters) with an Alltima C18 5-m 150 ϫ 4.6 mm column with 7.5 ϫ 4.6 mm guard column (Alltech, Breda, The Netherlands). Elution was at a flow rate of 1 ml/min. The gradient for the analysis of samples from the incubations with cytosol or SULTs started at 0% acetonitrile in nanopure water containing 0.1% trifluoroacetic acid, increasing to 10% acetonitrile in 5 min, to 15% in the following 16 min, to 50% in the next 16 min, and to 80% in 1 min, followed by a cleaning and reequilibration step. The gradient to analyze the samples from the incubations with microsomes or UGTs started at 0% acetonitrile in nanopure water containing 0.1% trifluoroacetic acid, increasing to 25% acetonitrile in 10 min, which condition was kept for 21 min, whereafter the percentage of acetonitrile was increased to 60% in 7 min and to 80% in 1 min, followed by a cleaning and reequilibration step. DAD-UV spectra were recorded between 200 and 420 nm, and chromatograms acquired at 280 nm were used for presentation and quantification.
Metabolite Identification and Quantification. Hesperetin 7-Oglucuronide, hesperetin 3Ј-O-glucuronide, and hesperetin 7-O-sulfate were identified using authentic standards by their HPLC-DAD retention times and UV spectra. With use of the HPLC gradient for analysis of the samples from the glucuronidation reactions, the retention times were as follows: hesperetin, 37.2 min (UV max ϭ 285.9 nm); hesperetin 7-O-glucuronide, 17.7 min (UV max ϭ 285.9 nm); and hesperetin 3Ј-O-glucuronide, 18.5 min (UV max ϭ 285.9 nm). With use of the HPLC gradient for the analysis of the samples from the sulfonation reactions, the retention times were as follows: hesperetin, 36.7 min (UV max ϭ 285.9 nm) and hesperetin 7-O-sulfate, 31.6 min (UV max ϭ 281.2 nm, shoulder at 338 nm). Another metabolite resulting from the cytosolic and SULT incubations with PAPS at a retention time of 30.7 min (UV max ϭ 290.7 nm) was repeatedly collected during HPLC-DAD separation, freeze-dried, and resolved in acidified, deuterated methanol for 1 H-NMR analysis. 1 H-NMR analysis revealed this metabolite to be hesperetin 3Ј-O-sulfate (for details, see Results). Hesperetin 7-O-glucuronide and hesperetin 3Ј-O-glucuronide were quantified on the basis of a calibration curve made with authentic standards. Hesperetin 7-O-sulfate and hesperetin 3Ј-O-sulfate were quantified indirectly using the calibration curve for hesperetin, and multiplication factors were determined by enzymatic hydrolysis of hesperetin 7-O-sulfate (factor 1.27) and hesperetin 3Ј-O-sulfate (factor 0.86) into unconjugated hesperetin, which could be quantified with a calibration curve.
1 H NMR Analysis. 1 H NMR analysis was performed using an Avance III 600 MHz (Bruker, Ettlingen, Germany) with cryoprobe. A Noesygppr1d pulse sequence with 3-s delay, 0.1-s mixing time, and 1.8-s acquisition time was used (18,028 Hz sweep width; 64 K data points). Spectra were obtained at 25°C. Resonances are reported relative to methanol-d4 at 3.34 ppm. Figure 2 depicts part of a chromatogram from the HPLC-DAD analysis of the supernatant of an incubation of hesperetin with UGT1A9 and UDPGA. Two metabolites were formed and identified as hesperetin 7-O-glucuronide (t R , 17.7 min; UV max , 285.9 nm) and hesperetin 3Ј-O-glucuronide (t R , 18.5 min; UV max , 285.9 nm) on the basis of analysis of the corresponding authentic metabolite standards. Figure 3 depicts part of a chromatogram from the HPLC-DAD analysis of the supernatant from an incubation of hesperetin with SULT1A3 and PAPS. Two metabolites were formed, one of which was identified as hesperetin 7-Osulfate (t R , 31.6 min; UV max , 281.2 nm, shoulder at 338 nm) on the basis of analysis of the corresponding authentic metabolite standard. The fraction containing the second metabolite (t R , 30.7 min; UV max , 290.7 nm), which could not be identified with the available authentic standards, was collected, freeze-dried, dissolved in acidified methanol, and analyzed by 1 H-NMR.
Results
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Modern NMR instruments with dedicated cryoprobes provide excellent sensitivity with relatively small amounts of material, provided that this material is of high purity. The sample analyzed contained approximately 0.5 nmol (150 ng) of the unknown sulfonated metabolite. (Table 1) . This result indicates a modification of the hydroxyl moiety at C3Ј, resulting in a relatively large change in the chemical shift values of the protons H2Ј and H6Ј at the positions ortho and para with respect to the modified hydroxyl moiety and is in line with earlier 1 H NMR studies on metabolites of quercetin (van der Woude et al., 2004) . The signals of the protons H6 and H8 remained unchanged, excluding modification of the other hydroxyl-groups at position 5 or 7 of the hesperetin molecule. Together these data identify the unknown metabolite as hesperetin 3Ј-O-sulfate.
Glucuronidation by Individual UGT Enzymes. Glucuronidation of hesperetin was characterized using human recombinant UGT enzymes. The V max and K m values obtained for the formation of hesperetin 7-O-glucuronide and hesperetin 3Ј-O-glucuronide by the various UGT enzymes are shown in Table 2 , as well as the catalytic efficiencies (V max /K m ) derived from these values. The results reveal that hesperetin is most efficiently glucuronidated by UGT1A9. The efficiency of glucuronidation (V max /K m ) decreases in the order of UGT1A9 Ͼ UGT1A1 Ͼ UGT1A7 Ͼ UGT1A3 Ͼ UGT1A8 Ͼ UGT1A10 Ͼ UGT2B7 ϭ UGT2B15 Ͼ UGT2B4. The rate of formation of hesperetin 7-O-glucuronide by UGT1A6 was virtually linear with the applied concentration: 0.018 nmol min UGT1A4 and UGT2B17 demonstrated only very poor glucuronidation activity toward hesperetin under the conditions used in this study, precluding determination of the kinetics. Figure 4 presents an overview of the regioselectivity of the glucuronidation of hesperetin by the individual UGTs at a concentration of 10 M hesperetin. For all UGTs, the regioselectivity at 1 or 50 M hesperetin was similar to that obtained at 10 M. UGT1A3, UGT1A6, and UGT2B4 catalyze glucuronidation specifically at the hydroxyl moiety at C7 of hesperetin, whereas UGT1A7 almost solely conjugated the hydroxyl moiety at C3Ј. UGT1A1, UGT1A10, and UGT2B7 converted hesperetin into both hesperetin 3Ј-O-glucuronide and hesperetin 7-O-glucronide, however preferentially into the latter, whereas UGT1A8, UGT1A9, and UGT2B15 preferentially conjugated the hydroxyl moiety of hesperetin at position 3Ј. Overall, relatively more hesperetin 7-O-glucuronide is formed at higher substrate concentrations (Table 2) .
Sulfonation by Individual SULT Enzymes. The V max and K m values determined for the formation of hesperetin 7-O-sulfate and hesperetin 3Ј-O-sulfate by individual human SULTs are shown in Table 3 , as well as the catalytic efficiencies (V max /K m ) derived from these values. SULT1A1 demonstrated strong substrate inhibition at hesperetin concentrations Ͼ0.15 M, precluding determination of kinetic parameters. The high rate of 3Ј-O-sulfonation up to 117 nmol min Ϫ1 mg of SULT1A1 Ϫ1 (at 0.15 M hesperetin) indicates that SULT1A1-mediated sulfonation could probably play an important role in the conjugation of hesperetin at low concentrations. SULT1A2, SULT1C4, and SULT1E1 also demonstrated substrate inhibition at concentrations Ͼ1, Ͼ1, and Ͼ3 M, respectively. The catalytic efficiency of sulfonation (V max /K m ) of the SULTs (other than SULT1A1) decreases in the order of SULT1C4 Ͼ SULT1A2 Ͼ SULT1E1 Ͼ SULT1A3 Ͼ SULT1B1 Ͼ SULT1C2 Ͼ SULT2A1. The isoenzymes SULT1C3, SULT2B1_v1, SULT2B1_v2, and SULT4A1_v2 did not show any sulfonation activity toward hesperetin under the conditions used in this study. SULT1C4 and SULT2A1 selectively catalyzed the sulfonation at the hydroxyl moiety of position 7 of hesperetin, whereas SULT1A1, SULT1A2, and SULT1E1 solely conjugated the hydroxyl moiety at position 3Ј (Fig. 5) . SULT1C2 converted hesperetin into both hesperetin 3Ј-O-sulfate and hesperetin 7-O-sulfate, however preferentially into the latter, whereas SULT1A3 and SULT1B1 preferentially conjugated the hydroxyl moiety of hesperetin at position 3Ј (Fig. 5) . For all SULTs, the regioselectivity at 1 or 50 M hesperetin was similar to that obtained at 10 M.
Glucuronidation by Human and Rat Tissue Samples. The apparent V max and K m values for the formation of hesperetin 7-Oglucuonide and hesperetin 3Ј-O-glucuronide by human and rat microsomal fractions from different tissues are shown in Table 4 , as well as the apparent catalytic efficiencies (V max /K m ) derived from these values. Hesperetin was converted into both glucuronide metabolites by microsomes from all human and rat tissues tested. Generally, the affinity was higher (K m lower) for glucuronidation at position 3Ј, whereas the capacity (V max ) was higher for glucuronidation at position 7 (Table 4) , and, as a result, at higher hesperetin concentrations FIG. 4 . Regioselectivity of the glucuronidation of hesperetin at position 7 (f) or position 3Ј (Ⅺ) by different UGT enzymes and human and rat microsomes expressed as percentage of the total amount of hesperetin glucuronides formed at a 10 M hesperetin concentration. HLM, human liver microsomes; RLM, rat liver microsomes; HSIM, human small intestinal microsomes; RSIM, rat small intestinal microsomes; HCM, human colon microsomes; RCM, rat colon microsomes. UGT Isoform Table 4 , as well as the apparent catalytic efficiencies (V max /K m ) derived from these values. Hesperetin was predominantly converted into hesperetin 3Ј-O-sulfate by human small intestinal cytosol with a K m of 0.6 M and a capacity of 0.79 nmol min Ϫ1 mg of protein Ϫ1 , whereas rat small intestinal cytosol did not show sulfonation activity toward hesperetin (Table 4) . Rat as well as human colonic cytosol showed low catalytic efficiencies. Liver cytosol of both species converted hesperetin into hesperetin 3Ј-Osulfate already at low concentrations and demonstrated substrate inhibition at hesperetin concentrations Ͼ0.25 M. It is remarkable that rat liver cytosol also demonstrated efficient conversion of hesperetin into hesperetin 7-O-sulfate at low concentrations, with substrate inhibition at hesperetin concentrations Ͼ0.25 M, whereas the sample of human liver cytosol demonstrated very little 7-O-sulfate formation (Table 4) .
Discussion
In the present study, the kinetics for the conjugation of hesperetin by individual UGT and SULT enzymes and rat or human microsomes and cytosol from small intestine, colon, and liver was characterized. Hesperetin was conjugated at the C7 and C3Ј hydroxyl moieties. It is interesting to note that conjugation at the C5 hydroxyl moiety was not catalyzed. This phenomenon can be explained by the strong intramolecular hydrogen bond between this hydroxyl moiety and the C4 carbonyl moiety preventing the phase II conjugation (Exarchou et al., 2002 ). Of all UGTs tested, UGT1A9, UGT1A1, UGT1A7, UGT1A3, and UGT1A8 demonstrated the highest catalytic efficiencies (Table 2 ). These UGTs have been reported to efficiently catalyze the glucuronidation of other flavonoids as well, as was recently reviewed Zhang et al. (2007b) , although the relative efficiency of different UGTs seems to be highly dependent on the flavonoid structure involved. Hesperetin, as other flavonoids, seems not to be a suitable substrate for UGT1A4 (Walle et al., 2000; Boersma et al., 2002; Tang et al., 2009) . The regioselectivity of hesperetin glucuronidation varied enzyme specifically (Fig. 4) . Differences in the regioselectivity of the flavonoid conjugation by different individual UGTs has also been reported for the conjugation of other flavonoids (Boersma et al., 2002; Otake et al., 2002; Zhang et al., 2007a; Tang et al., 2009) , the regioselectivity being dependent on the isoenzyme involved, the flavonoid converted, and the substrate concentration. For instance, luteolin (3Ј,4Ј,5,7-tetrahydroxyflavone) was almost solely (98% of HPLC chromatogram peak area) converted into a 7-O-glucuronide metabolite by UGT1A6, whereas quercetin (3,3Ј,4Ј,5,7-tetrahydroxyflavone), bearing one extra hydroxyl moiety, was metabolized into its 4Ј-O-glucuronide (32%), 7-Oglucuronide (30%), 3Ј-O-glucuronide (22%), and 3-O-glucuronide (16%) by UGT1A6 (Boersma et al., 2002) .
Of the SULT enzymes (apart from SULT1A1), SULT1A2, SULT1C4, and to a lesser extent SULT1E1 and SULT1A3 demonstrated the highest catalytic efficiencies for the sulfonation of FIG. 5 . Regioselectivity of the sulfonation of hesperetin at position 7 (f) or position 3Ј (Ⅺ) by different SULT enzymes and human and rat cytosol expressed as percentage of the total amount of hesperetin sulfates formed at a 10 M hesperetin concentration. HLC, human liver cytosol; RLC, rat liver cytosol; HSIC, human small intestinal cytosol; HCC, human colon cytosol; RCC, rat colon cytosol. SULT Isoform (Table 3) . SULT1A1, SULT1A3, and SULT1E1 have been reported to sulfonate other flavonoids as well (Otake et al., 2002; Nakano et al., 2004; Ung and Nagar, 2007) . In the present study, SULT1A1, SULT1A2, and SULT1E1 solely catalyzed the formation of hesperetin 3Ј-O-sulfate, whereas SULT1C4 and SULT2A1 solely catalyzed the formation of hesperetin 7-O-sulfate (Fig. 5) . The regioselectivity of flavonoid sulfonation appears to be dependent on the SULT isoenzyme as well as on the flavonoid studied: daidzein (4Ј,7-dihydroxyisoflavone) and genistein (4Ј,5,7-trihydroxyisoflavone) were reported to be predominantly sulfated by SULT1A1 at position 7 rather than at position 4Ј, whereas the hydroxyl moieties at both positions were sulfonated with similar efficiency by SULT1E1 (Nakano et al., 2004) . At low concentrations of hesperetin, SULT1A2, SULT1C4, SULT1E1 (Table 3) , and especially SULT1A1 demonstrated substrate inhibition. This property of SULTs in the conjugation of flavonoids at low concentrations is also reported for the SULT1A1-mediated sulfonation of daidzein (Ͼ1.5 M) and genistein (Ͼ2 M) (Nakano et al., 2004) and for the SULT1E1-mediated sulfonation of quercetin and chrysin (Ung and Nagar, 2007) . Incubations of hesperetin with human and rat microsomal fractions in the presence of UDPGA resulted in formation of hesperetin 7-O-glucuronide and hesperetin 3Ј-O-glucuronide (Table 4) . Based on the kinetics of the individual human UGTs (Table 2 ) and the data on UGT mRNA expression levels (Gregory et al., 2004; Nakamura et al., 2008; Izukawa et al., 2009; Ohno and Nakajin, 2009) , the 7-O-glucuronidation of hesperetin in human tissue fractions is probably catalyzed by UGT1A1 and UGT1A9. The 3Ј-Oglucuronidation of hesperetin by human microsomes is probably catalyzed by UGT1A9 and UGT1A1, whereas in the human small intestinal and colonic microsomes UGT1A7 and UGT1A8 may contribute as well. However, one should keep in mind that selectivity profiles by single UGTs in complete systems, in which protein-protein interactions may occur, may be different from those in in vitro model systems (Fujiwara et al., 2007) . Taking the catalytic efficiencies (Table 2 ) and the mRNA expression levels of the rat ortholog UGTs into account (Shelby et al., 2003) , it can be foreseen that, in rat liver and rat intestinal microsomes, rat UGT1A1 and rat UGT1A7 are probably responsible for the glucuronidation of hesperetin.
Incubations with the human cytosolic fractions demonstrated preferential sulfonation of position 3Ј of hesperetin (Table 4) . Although SULT1A2, SULT1C4, and SULT1E1 demonstrate high catalytic efficiencies based on expression levels (Teubner et al., 2007; Riches et al., 2009) , they are minor SULT isoforms in the intestine and liver. It is concluded that SULT1A1 in particular is involved in the sulfonation of hesperetin in the human liver, whereas SULT1B1 and SULT1A3 will preferably contribute to the intestinal sulfonation of hesperetin. Our incubations with human cytosol demonstrating predominant formation of hesperetin 3Ј-O-sulfate, the major metabolite formed by SULT1A1 as well as by SULT1B1 and SULT1A3, support such a notion. Hesperetin was not sulfonated by rat small intestinal cytosol, which corresponds with the negligible SULT expression in the small intestine of rats (Meinl et al., 2009 ). The hepatic expression of the rat ortholog of SULT1C4, a form not detected in human liver (Sakakibara et al., 1998) , probably explains the formation of hesperetin 7-Osulfate by rat liver cytosol.
When both SULTs and UGTs play a role at the same time, such as in the in vivo situation, the existence of mixed conjugates has been reported as well. In a study in which human volunteers were given up to 1 liter of orange juice providing 444 mg/l hesperidin, the circulating forms of hesperetin in the plasma consisted of 
Small intestine Human dmd.aspetjournals.org glucuronides (87%) and sulfoglucuronides (13%) as determined after specific enzymatic hydrolysis (Manach et al., 2003) . In another study in which human volunteers were given 250 ml of orange juice containing 410 mg/l hesperidin, only hesperetin glucuronides were detected in the plasma; however, substantial amounts of hesperetin sulfoglucuronides were detected in the urine as indicated by liquid chromatography-tandem mass spectrometry (Mullen et al., 2008) . The authors argued that the kidney may be involved in postabsorption phase II metabolism, which could be explained by the expression of SULT1A1 in the kidneys (Meinl et al., 2006; Riches et al., 2009) , the enzyme for which we found a high affinity toward hesperetin resulting in sulfonation at very low concentrations. In a third study in which human volunteers were given oranges or orange juice providing, respectively, 161 or 145 mg of hesperidin, hesperetin 7-O-glucuronide and 3Ј-Oglucuronide were detected in blood and plasma, as well as hesperetin 3Ј-O-sulfate, as qualified by liquid chromatographytandem mass spectrometry and metal complexation techniques (Brett et al., 2009 ). The absence of hesperetin 7-O-sulfate in these human volunteers is supported by the sulfonation kinetics found in the present study.
We recently analyzed the metabolism of hesperetin in vitro using Caco-2 cell monolayers as a model of the intestinal barrier. After incubations of hesperetin with Caco-2 cell monolayers, formation of hesperetin 7-O-glucuronide and 7-O-sulfate was observed, whereas no metabolites of hesperetin conjugated at position 3Ј were detected. These observations could be explained by the relatively strong expression of SULT1C4 (Tamura et al., 2001; Meinl et al., 2008b) and UGT1A6 (Paine and Fisher, 2000) , both enzymes specifically catalyzing the conjugation at position 7, compared with other SULT or UGT forms in Caco-2 cells. Moreover, small interfering RNA-mediated UGT1A6 silencing in this cell line heavily decreased the glucuronidation of the flavonoid apigenin, which demonstrates an important role for UGT1A6 in the glucuronidation by Caco-2 cells of a structurally related compound .
In conclusion, the results of the present study show that individual UGTs and SULTs demonstrate marked regioselective kinetics for conjugation of hesperetin. As a result, variations in expression levels of these UGTs and SULTs give rise to different metabolite patterns in different biological systems. Because different flavonoid conjugates may have different physiological and/or biological properties, this regioselective conjugation by different UGT and SULT enzymes should not be ignored in flavonoid research. Finally, given the high catalytic efficiency and expression levels of UGTs in intestinal tissue, it can be concluded that first-pass metabolism within the intestinal cells contributes significantly to the formation of hesperetin 3Ј-O-glucuronide and 7-Oglucuronide, the major hesperetin metabolites found in vivo.
